In the present work, pancreatic organogenesis has been studied in the medaka (Oryzias latipes), a teleost fish with several advantages as an experimental system in developmental biology. We demonstrated that the pancreas develops from three primordia budding from the dorsal and ventral faces of the gut epithelium. Such buds then fuse to form a single endocrine islet surrounded by exocrine tissue. Interestingly, the endocrine tissue forms only from the dorsal bud. We next analyzed a collection of medakas that had been hybridized with cDNAs derived from an anterior brain library. We found new clones expressed in the pancreatic region demonstrating that the medaka can be used to define new genes expressed in the pancreatic region that follow a specific spatial and temporal pattern of expression. q
Results and discussion
The pancreas is a complex organ that develops in mammals from two outgrowths of the dorsal and ventral regions of the foregut endoderm. Pancreatic buds grow and fuse. Cells then differentiate into endocrine tissue that produces hormones such as insulin and glucagon and exocrine tissue that produces and secretes enzymes, for example carboxypeptidase-A. During the past few years, progress has been made in the field of pancreas development (Grapin-Botton and Melton, 2000; Scharfmann, 2000) . Numerous transcription factors involved in pancreas development have been characterized (Edlund, 1998; Kim and Hebrok, 2001) . However, it is likely that many factors remain to be defined. In this context, large-scale screening would help to define additional genes implicated in the control of pancreatic development. While chicks and rodents have been widely used to study pancreas development, such experimental systems are not adapted for largescale screening. Here we have used medaka (Oryzias latipes) for this purpose. The medaka is a freshwater teleost fish that became an additional model in developmental biology complementary to zebrafish (Ishikawa, 2000; Wittbrodt et al., 2002) . Since it has a short life cycle and has transparent embryos, it has recently been used with success in in situ screens for genes expressed in the developing embryo (Henrich and Wittbrodt, 2000) and for genes controlling cell proliferation in the optic tectum (Nguyen et al., 2001) . To the best of our knowledge, it has not been used in the past to study pancreatic development.
The pancreas in young adult medaka
We first used anti-insulin, -glucagon and -carboxypeptidase-A antibodies to characterize the pancreas of young adult medaka by immunohistochemistry. As shown in Fig.  1A , sagittal sections stained with anti-insulin antibodies revealed the presence of a unique group of insulin-containing cells. As shown at a higher magnification (Fig. 1B) , the pancreas is located dorsally to the liver, near the extrahepatic common bile duct, as described in other teleosts (Youson and Al-Mahrouki, 1999) . As shown in Fig. 1C , transverse section of medaka at the same developmental stage indicates that insulin-expressing cells are surrounded by cells expressing glucagon and form an islet. This unique islet is located within a tissue that stains positive for carboxypeptidase-A (Fig. 1D ).
Pancreas development in medaka
Whole-mount in situ hybridization using digoxigeninlabeled antisense RNA probes was then used to analyze the expression of Pdx-1, a transcription factor specifically expressed in early duodenal cells, as well as pancreatic cells www.elsevier.com/locate/modo (Offield et al., 1996) , and insulin during development. For Pdx-1, a 400b probe corresponding to medaka Pdx-1 was used. For insulin, a 224b medaka probe with 92% homology with insulin from Tilapia and 88% homology with insulin from anglerfish was used. Pdx-1 expression was first detected at stage 22-23 (ten somites) forming a stripe in the mid-section of the medaka ( Fig. 2A) . At this stage, insulin expression was not detected ( To localize more precisely the cell types expressing Pdx-1 and insulin, embryos at different stages were hybridized with Pdx-1 or insulin mRNA probes, wax-embedded and sectioned. Embryos hybridized with a Nkx6.1 mRNA probe, that recognizes a transcription factor required for maintaining and expanding the population of beta cell precursors (Sander et al., 2000) were also analyzed. At stage 24, insulin-expressing cells were located within the dorsal wall of the gut epithelium. These cells were in direct contact with the notochord (Fig. 3B, panel (a) ). At this stage, insulin-positive cells expressed Pdx-1, but were negative for Nkx6.1 (Fig. 3B , panels (b,c)). No insulin-expressing cells were detected either budding from the ventral wall of the gut or in more proximal or caudal region of the gut.
At stage 25/26, a cell cluster was detected dorsally to the gut endoderm expressing insulin, Pdx-1 and Nkx6.1 (Fig.  3B , panels (d-f)). When compared to stage 24 (Fig. 3B , panels (a,b)), this cell cluster seemed to have migrated to the right side of the embryo. No additional cell cluster expressing insulin, Pdx-1 and Nkx6.1 was detected at this stage either rostrally or caudally (data not shown).
At stage 30, this unique cell cluster expressing insulin was detected ventrally and was clearly separated from the gut (Fig. 3B, panel (g) ). No additional cell cluster expressing insulin was detected. At this stage, Pdx-1-expressing cells were found in the gut epithelium and in three cell clusters outside the gut. Two clusters were located ventrally on the right side of the gut, expressing either low or high levels of Pdx-1. The third one, located on the left side of the embryo, seemed to bud from the gut epithelium (Fig. 3B,  panel (h) ). Insulin-positive cells were located in the cell cluster expressing low levels of Pdx-1 (Fig. 4 , panels A-C). At this stage, expression of Nkx6.1 was found in the two clusters expressing high levels of Pdx-1 (Fig. 3B, panel (i) ).
Later on, at stage 34, these buds fuse forming a continuous large stripe, ventrally to the gut expressing Pdx-1 and Nkx6.1 (Fig. 3B , panels (k,l)). insulin-expressing cells were located within this stripe and expressed Pdx-1 (Fig. 3B , panel (j) and Fig. 4 , panels D-F).
Ventral pancreatic bud formation in medaka
In chick, rodents and human, the pancreas develops from buds of the dorsal and ventral faces of the primitive gut epithelium (Pictet and Rutter, 1972; Slack, 1995) . In teleosts, data obtained with transgenic zebrafish expressing the green fluorescent protein under the control of the regulatory sequences of the Pdx-1 or insulin genes strongly suggest that the pancreas is formed from a single pancreas cell mass (Huang et al., 2001) . To further understand pancreatic bud formation in medaka, we analyzed pancreas development at stage 27/28. This stage is intermediate between stages 25/26, where a single dorsal bud was detected, and stage 30, where three pancreatic buds were present. Medakas at stage 27/28 were hybridized with insulin, Pdx-1 and Nkx6.1 mRNA probes. They were serially sectioned in the transverse plane to obtain a three-dimensional view of the gut. This analysis revealed that two ventral buds developed in medaka. The one that appears more rostrally developed from the left side of the gut. The second one buds more caudally from the right side of the gut. Both buds expressed Pdx-1, Nkx6.1, but neither insulin nor glucagon (Fig. 5 and data not  shown) . Finally, at this stage, insulin-expressing cells that are thought to have derived from the dorsal side of the gut were located at some distance from the gut. At this stage, insulinexpressing cells stained negative for Pdx-1 and Nkx6.1.
Altogether, our data indicate that the pancreas develops from three different buds that emerge from the dorsal and ventral regions of the gut at different developmental stages. The dorsal bud arises at stage 24 dorsally to the gut and later migrates ventrally. The two ventral buds arise at stage 27/28 bulging from the gut. However, only the dorsal bud gives rise to insulin-expressing cells. Glucagon-expressing cells were also detected in the dorsal bud, but never observed in cell clusters budding from the ventral face of the gut (data not shown). This pancreatic pattern of development resembles the one occurring in Xenopus laevis (Kelly and Melton, 2000) .
Medaka, where pancreas develops from the dorsal and ventral regions of the gut, but where the endocrine cells derive only from the dorsal bud, represents an additional experimental system to study inductive signals that control pancreas development.
Screen for genes expressed in the pancreatic region in medaka
We next analyzed a collection of medaka that had previously been hybridized with cDNAs derived from an anterior brain library prepared from embryonic medaka (Nguyen et al., 2001) . Different clones gave a specific staining in the pancreatic region. We focused here on one of them (clone 365) to demonstrate that medaka can be used to define new genes expressed in the pancreatic region. At stage 20, no expression of clone 365 was detected in the pancreatic region (data not shown). At stage 24, clone 365 hybridized to the pancreatic region. At this stage, hybridization was clearly detected in cells present on the dorsal face of the gut, ventrally to the notochord (Fig. 6A,B) . Staining of sections from medaka at the same stage with anti-insulin antibody revealed that cells that stain positive for clone 365 (Fig. 6C) . At stages 30 and 34, clone 365 followed the same spatial pattern of expression than insulin, i.e. migration on the right side of the embryo to reach the ventral side (Fig. 6D-I) . However, at stage 39 (hatching stage), clone 365 was no more detected in insulin-expressing cells (Fig. 6 , compare panels K and L). The expression of clone 365 is thus turned on in the pancreas as early as insulin appears, but is turned off later on, suggesting that it can play a role in pancreas development during a specific period of early pancreatic development. Clone 365 was finally sequenced (Fig. 6, bottom) . The sequence did not reveal any homology with known genes. Knockdown technologies using antisense morpholinos, an efficient technology in teleost (Nasevicius and Ekker, 2000) that facilitates the definition of the function of unknown genes, will hopefully provide answers to the function of this gene.
Experimental procedures

Medaka stocks
Embryos from an orange-red strain were used. Fish were raised in 20 l tanks, at 258C under a standard light regime (12 h light/12 h darkness). Adults were placed under a reproduction regime (14 h light/10 h darkness). Embryos were collected daily and incubated at 278C, in Yamamoto embryo rearing medium (Yamamoto, 1975) . Embryonic stages were determined according to Iwamatsu (1994) .
Immunohistology
Dechorionated embryos were embedded in paraffin. Consecutive sections, 4 mm thick, were collected on gelatinized glass slides, deparaffinized and microwaved for 12 min. Immunohistochemistry was performed as previously described (Cras-Meneur et al., 2001; Miralles et al., 1998) The sections were examined and photographed with a Leitz DMRD microscope and numerized using a Hamamatsu C5810 cooled tri-CCD camera.
Reverse transcription-polymerase chain reaction
Total RNA was prepared from abdomen of adult medaka and reverse transcribed as described previously (Tazi et al., 1996) . A partial insulin cDNA was amplified using primers designed based on homology between the insulin cDNA sequence of Tilapia and Anglerfish (Lophius americanus). For Pdx-1, the primers were designed based on a partial medaka Pdx-1 cDNA, available in the databases (GenBank AB026976). Primers used were:
Pdx-1 (forward) 5 0 -TGTTCAACCGCTACATCTCCA- Pdx-1 (reverse) 5 0 -AACAGGAACTTTGGTCCAGCA-3 0 .
The amplified cDNAs were cloned in pGEM-T easy (Promega) and sequenced.
In situ hybridization
RNA probes were labeled with digoxigenin-UTP by in vitro transcription using the DIG-RNA labeling kit (Boehringer). Whole-mount in situ hybridization was performed according to established procedures (Schulte-Merker et al., 1992) . The embryos were photographed, embedded in paraffin and 4 mm thick sections were mounted on glass slides and counterstained with Nuclear Fast Red. They were examined and photographed using a DMRD light microscope (Leica).
